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We report a two-dimensional artificial lattice for dipolar excitons confined in a GaAs double
quantum well. Exploring the regime of large fillings per lattice site, we verify that the lattice depth
competes with the magnitude of excitons repulsive dipolar interactions to control the degree of
localisation in the lattice potential. Moreover, we show that dipolar excitons radiate a narrow-band
photoluminescence, with a spectral width of a few hundreds of µeV at 340 mK, in both localised
and delocalised regimes. This makes our device suitable for explorations of dipolar excitons quasi-
condensation in a periodic potential.
Electrically polarised GaAs double quantum wells
provide a model environment to study cold exciton
gases. In these heterostructures lowest energy exci-
ton states are made of a hole localised in one quan-
tum well and Coulomb bound to an electron confined
in the other quantum well [1]. Such dipolar exci-
tons are long-lived (& 100 ns), whereas they efficiently
thermalise to sub-Kelvin temperatures in this two-
dimensional geometry [2, 3]. Dipolar excitons are then
possibly studied at thermodynamic equilibrium [4, 5],
and in a homogeneously broadened regime dominated
by exciton-exciton interactions [5]. Such unique phys-
ical properties have led to signatures [4–7] of ex-
citons quasi-condensation at sub-Kelvin bath tem-
peratures, compatible with a Berezinskii-Kosterlitz-
Thouless crossover.
Dipolar excitons are characterised by their perma-
nent electric dipole moment controlled by the sep-
aration L between the two quantum well centers.
The latter is typically of the order of 10 nm so that
the electric dipole moment easily reaches 100 Debye.
Exciton-exciton interactions are therefore controlled
by a strong repulsive dipolar potential [8–10]. Fur-
thermore, the excitons dipole moment is by construc-
tion aligned perpendicular to the quantum wells. This
implies that dipolar excitons have a potential energy
controlled by the amplitude of the electric field ap-
plied orthogonally to the bilayer. By engineering a
spatially inhomogeneous electric field in the plane of
a GaAs double quantum well, typically using a set
of gate electrodes deposited at the surface of a field-
effect device embedding a GaAs bilayer, a rich variety
of trapping potentials have been demonstrated [11–
14], as well as devices where excitonic transport is
controlled [15–18].
In this work, we report on a microscopic square lat-
tice distributing periodically dipolar excitons in the
plane of a GaAs double quantum well (DQW). As
in earlier studies [19], the lattice potential is created
by a pair of interdigitated semi-transparent electrodes
deposited at the surface of a field-effect device embed-
ding a GaAs bilayer. In this report, we show that the
interplay between the lattice depth and the strength
of repulsive dipolar interactions between excitons con-
trols the degree of exciton localization in the lattice
sites. Furthermore, for n ∼ 2× 1010 cm−2 we show
that the photoluminescence spectral width is bound
to a few 100µeV at 340 mK, for both localised and de-
localised regimes. We have previously reported that
collective phenomena can then become dominant [5–
7]. Studying excitons quasi-condensation in a peri-
odic potential is then experimentally accessible, as
discussed in a separate work [20].
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FIG. 1: a) Electron microscope image of the 2D, 3 µm
period, square lattice device. One every two electrode
row is set to an electrostatic potential V 1 (left) and the
other one to a potential V 2 < V 1 (right), so that the
V 2 (V 1) electrodes implement traps (barriers) for exciton
transport. The white lines in (a) highlight the directions
along which we compute the profile of the trapping poten-
tial Et, along the vertical axis (b) and along the horizontal
axis (c). In (b-c) the profiles are calculated for a potential
difference ∆V = (V 1− V 2) set to 3 V (red), 1.5 V (green)
and 0 V (blue). The horizontal plain/dashed/dotted dark
lines mark the PL blueshift energy 0 ns, 160 ns, 250 ns af-
ter extinction of the laser pulse loading excitons in the
structure.
At the heart of our experiments lie two 8 nm wide
GaAs quantum wells separated by a 4 nm AlGaAs bar-
rier. The heterostructure is embedded in a field-effect
device, 150 nm above the substrate acting as electrical
ground, and 1.5 µm below the surface where an array
of interdigitated gate electrodes is deposited. Figure
1.a shows a scanning electron microscope image of the
surface electrodes, which realise a square pattern with
3 µm spatial period. By applying on every two row a
constant potential V 1 and on the other ones a poten-
tial V 2 < V 1 we imprint a spatially periodic electric
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2field Ez, in the direction perpendicular to the DQW
plane. Relying on its interaction with the excitons
electric dipole −eL, where −e denotes the electron
charge while L= 12 nm, we control the excitons po-
tential energy that reads Et(r)=(−e.L)·Ez(r).
We performed finite element simulations to calcu-
late the amplitude of Ez in the DQW plane as a func-
tion of the potential difference ∆V=(V1-V2). We then
deduced the spatial profiles of the excitons potential
energy along the vertical and horizontal directions of
the lattice (see Fig.1.b and 1.c respectively). Evaluat-
ing the lattice depth Et for three potential differences,
namely ∆V =3 V (red), 1.5 V (green) and 0 V (blue),
we verify that varying ∆V allows us to tune the con-
finement profile from a “flat” potential with no energy
modulation (blue), to a lattice with a depth ∆Et up
to 3 meV (red). This behaviour reflects that dipolar
excitons are high-field seekers so that they minimize
their potential energy in the region where Ez is the
strongest. Moreover, in Fig.1 we note that the barrier
height is not symmetric along the two axis. Instead,
lattice sites have a barrier along the horizontal axis
about 50% stronger than the one along the vertical
axis.
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FIG. 2: a) Blueshift of the photoluminescence (PL) energy
as a function of the delay after the laser pulse extinction
for an electrostatic potential difference of 3 V (red), 1.5 V
(green), 0 V (blue). Real images of the normalized PL
intensity 40 ns, 160 ns and 250 ns after the laser pulse ex-
tinction, for ∆V = 3 V (b-d), 1.5 V (e-g) and 0 V (h-j).
Measurements were all performed at a bath temperature
of 340 mK.
In the following we discuss experiments where dipo-
lar excitons were optically injected in the lattice po-
tential. For that, we used a 100 ns long laser exci-
tation pulse repeated at 1.5 MHz and tuned at the
resonance energy of the direct excitons transition of
the two quantum wells. Thus, we inject electrons
and holes in both quantum wells, dipolar excitons be-
ing formed once carriers have tunnelled towards their
minimum energy states located in each layer. At a
variable delay to the termination of the loading laser
pulse, we analysed the energy of the photolumines-
cence (PL) radiated by dipolar excitons. Thus, we
quantify the exciton density and the strength of their
electrostatic confinement. Indeed, the photolumines-
cence energy scales like Et(r)+u0n(r) where the sec-
ond term reflects the strength of repulsive dipolar in-
teractions between excitons. These lead to a blueshift
of the photoluminescence energy, u0n being of the or-
der of 1 meV when n is about 3× 1010 cm−2 [8–10].
Depending on the delay to the optical loading pulse,
the photoluminescence energy maps then the trade-
off between profile of the confining potential and the
strength of dipolar repulsions.
In Fig.2.a, we report the dynamics of the photolumi-
nescence energy up to 350 ns after termination of the
loading laser pulse. For these experiments we evalu-
ate the photoluminescence blueshift, i.e. the difference
between the photoluminescence energy at a given de-
lay and its value for the longest delay for which u0n is
vanishing. Thus we quantify the dynamics of the ex-
citon population in our electrostatic lattice. For ∆V
ranging from 3 V to 0 V, in Fig.2.a we note that the
blueshift follows a merely constant decay. This be-
haviour reveals that the lifetime of dipolar excitons
does not depend on ∆V in our studies, so that at a
given delay the average density in the lattice potential
is constant regardless the lattice depth. Furthermore,
we note that the photoluminescence blueshift right af-
ter optical loading does not depend on ∆V . This con-
firms that the initial exciton density only depends on
the intensity of the loading laser pulse, as expected.
To study the degree of exciton localisation in the
lattice potential, we report in Figure 2.b-j real images
of the PL measured at three different delays, namely
40 ns, 160 ns, 250 ns, and for ∆V= 3 V (b-d), 1.5 V
(e-g) and 0 V (h-j). On each row, ∆V and therefore
the lattice depth are fixed, while on each column the
delay is fixed and so is then the mean exciton density.
The lowest row displays the regime where dipolar ex-
citons explore a lattice with vanishing barrier height,
i.e. a flat potential landscape. Then, at every delay
the PL pattern does not reveal any modulation due to
the lattice potential. Instead the PL is rather homoge-
neous spatially, illustrating that dipolar excitons are
delocalised in the plane of the double quantum well.
We only note a slight curved modulation in the PL
images, due to Newton interference fringes created at
the surfaces of the intensifier coupled to our charged
coupled device camera. Such interference can not be
avoided for spectrally narrowband images as the ones
we study here. By contrast, for the first row (Fig.2.b-
3d) where the lattice depth is the greatest, the PL ex-
hibits a 3 µm period and square modulation, at ev-
ery delay studied. This behaviour was expected since
in these experiments the lattice depth always exceeds
the photoluminescence blueshift (see Fig.1). Also, we
note in Fig.2.b (at the termination of the loading laser
pulse) that the localisation is stronger along the hori-
zontal axis. Again, this behaviour was expected from
our simulations (Fig.1) since along the horizontal axis
the lattice depth is the greatest. Increasing the de-
lay, the difference between the horizontal and vertical
directions fades away since the PL blueshift decreases.
The photoluminescence images displayed in the
middle row of Fig.2 highlight the intermediate regime
where the localisation induced by the lattice poten-
tial competes with repulsive dipolar interactions be-
tween excitons. Indeed, for ∆V= 1.5 V, the lattice
depth ∆Et ranges from about 1.7 meV in the hori-
zontal axis to 1 meV in the vertical one (Fig.1.b-c).
Short after termination of the loading laser pulse,
these amplitudes are smaller or of the same order as
the photoluminescence blueshift (around 2 meV). Ac-
cordingly, Fig.2.e shows that the exciton gas is not
localised by the lattice potential at the termination
of the loading laser pulse, i.e. when the photolumi-
nescence blueshift is the largest. Increasing the delay
to the loading pulse to 160 ns (Fig.2.f) the blueshift
decreases to about 0.7 meV so that dipolar repulsions
no longer suffice to overcome the potential barrier be-
tween the lattice sites and the gas becomes then local-
ized in the lattice sites. This localisation is naturally
better marked for longer delays for which the photo-
luminescence blueshift is reduced further (Fig.2.h).
For a mean exciton density n ∼ 2.5× 1010 cm−2,
obtained when the delay to the loading pulse is set to
160 ns, the measurements displayed in Fig.2.c, Fig.2.f
and Fig.2.i show that we tune the exciton localisa-
tion by varying the potential difference between our
surface electrodes ∆V . To quantify this degree of con-
trol, in Fig.3.a we report the profile of the photolumi-
nescence intensity along the horizontal direction. For
the greatest lattice depth (3.5 meV, Fig.2.c), the up-
per curve in Fig.3.a reveals a sinusoidal modulation of
the photoluminescence intensity, with a 3 µm period
and a contrast equal to 21 %. For a moderate lat-
tice depth, ∆Et =1.8 meV (Fig.2.f), the middle curve
in Fig.3.a exhibits a lower modulation amplitude of
around 10 %. Finally, for a ”flat” potential (lower
curve in Fig.3.a) no intensity modulation is observed.
Fig.3.b summarizes the variation of the PL intensity
modulation as a function of the effective lattice depth
obtained by subtracting u0n to the barrier height
∆Et. Considering this effective lattice height allows us
to directly compare experiments realised for varying
exciton density and lattice depth. For clarity measure-
ments performed for the same mean density n are dis-
played using the same colour, and remarkably we ob-
serve that our experimental results all follow a single
scaling. This signals directly that the modulation of
the photoluminescence intensity results from the com-
petition between the lattice depth and the strength of
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FIG. 3: a) Photoluminescence profiles along the hori-
zontal axis of the lattice measured 160 ns after extinction
of the loading laser pulse. The top panel is measured for
∆V = 3 V (red) and fitted by a sinusoidal function with 21
% contrast (solid line); The middle panel for ∆V = 1.5 V
(blue) yields a contrast of about 10 % while for ∆V = 0 V
(bottom panel) no intensity modulation is observable. (b)
Contrast of the intensity modulation as a function of the
effective barrier height (∆Et − u0n) obtained by varying
∆V and the delay after the termination of the laser pulse.
The points measured for a delay set to 40 ns are displayed
in blue, for 160 ns in green and for 250 ns in red. The
gray area marks the minimum contrast possibly extracted
due to the signal to noise ratio floor for our measurement.
Measurements were all performed at a bath temperature
of 340 mK.
repulsive dipolar interactions between excitons. From
Fig.3.b we deduce that exciton localisation is possi-
bly detected when the modulation amplitude ∆Et is
approximately 0.5-1 meV greater than u0n. Finding
this threshold is not completely surprising since our
optical resolution, of around 1µm, has to be taken
into account. Indeed, Fig.1.b signals that for ∆Et ∼
1 meV the minimum spatial separation between occu-
pied lattice sites barely exceeds 1.5 µm.
To assess the performance of the lattice poten-
tial and its relevance to explore excitons quasi-
condensation in a periodic potential, we finally studied
the PL spectrum along the lattice. In previous reports
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FIG. 4: Spatially resolved PL spectra for ∆Et = 2 meV
and for two delays after extinction of the laser pulse, 140 ns
(a) and 300 ns (b). (c-d) Spectra averaged over 1µm for
three different lattice sites (horizontal lines in (a-b)). All
spectra are normalized and centered around the central en-
ergy of the PL emitted for a delay set to 140 ns (panel (c)).
The dashed line in (c) corresponds to the spectral resolu-
tion measured with a Hg lamp while the inset displays a
spectrum measured for ∆Et = 0 meV (flat potential) and
the same exciton density as in (c). Measurements were all
performed at a bath temperature of 340 mK.
we have shown that quasi-condensation is bound to
sub-Kelvin temperatures and to the regime where ex-
citons explore a model electrostatic environment, with
a minimum concentration of free carriers [21]. This
regime is then signaled by a photoluminescence spec-
tral width lying in the range of a few hundreds of µeV
for n ∼ 2-3 1010 cm−2 [5], otherwise quantum signa-
tures are easily blurred by inhomogeneous broadening
[22].
Figure 4 shows the spatially resolved photolumines-
cence spectra for ∆Et set to 2 meV at two different
delays after the extinction of the laser pulse (140 ns
for panel (a) corresponding to 0.73 meV blueshift,
and 300 ns for panel (b) corresponding to 0.08 meV
blueshift). Three lattice sites are clearly visible for
both delays. The coloured horizontal lines in Fig.4.a
and Fig.4.b underline the site centers around which
we extract the photoluminescence spectra shown in
Fig.4.c and Fig.4.d respectively. Strikingly, for both
delays we note that the spectrum exhibits negligible
variations between the lattice sites, namely it dis-
plays the same lineshape and the same emission en-
ergy. This behaviour reveals that our electrostatic lat-
tice is highly regular. Indeed, the spectra displayed
in Fig.4.d are measured in the regime where the PL
blueshift is negligible compared to the lattice depth.
Thus, we deduce that the minimum energy of the lat-
tice sites has negligible variations. On the other hand,
from the spectra displayed in Fig.4.c, we conclude that
lattice sites are rather uniformly filled, with around
200 excitons per site, since the three sites analysed
here yield a photoluminescence emitted at the same
energy. Moreover, in Fig.4.c the dashed line displays
the spectral resolution for these measurements, ob-
tained using a Hg emission line. It shows that the
minimum spectral width possibly detected is around
0.6 meV. Compared to this limit, the spectra at mod-
erate and at dilute densities displayed in Fig.4.c and
Fig.4.d have an average full width at half maximum
of 640µeV and 850 µeV respectively. The purple spec-
trum in Fig.4.c, for which we measure a width of
570 µeV is even limited by our spectral resolution. A
similar limitation is found in the regime where the lat-
tice depth is negligible (∆Et ∼ 0 meV in the inset of
Fig.4.c). This shows that the PL has a spectral width
bound to a few 100 µeV.
To summarize we have characterised an electro-
static lattice to periodically confine dipolar excitons
in the plane of a GaAs double quantum well. We
have confirmed that such a confinement potential is
efficiently prepared using a set of interdigitated elec-
trodes polarised independently. Furthermore, we have
quantified the transition between the regime where
optically injected excitons are localised by the lattice
potential and the regime where on the contrary they
are delocalised. We have shown that this transition
is controlled by the competition between the depth
of the lattice potential and repulsive dipolar inter-
actions between excitons. Limited by a 1 µm opti-
cal resolution, we observe that excitons become lo-
calised in the lattice sites when the lattice depth is
about 1 meV greater than the repulsive dipolar inter-
action energy. Finally, we have verified that in the lat-
tice potential dipolar excitons radiate a narrow-band
photoluminescence, in both localised and delocalised
regimes. This underlines the high regularity of the
electrostatic potential, as necessary to explore exci-
tons quasi-condensation in a periodic potential. This
quasi-condensation is discussed in an independent re-
port [20].
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